Radiosensitizers are important compounds used in radiotherapy to enhance tumor control of radioresistant hypoxic tumors. Despite their use in biological applications, little is known about the fundamental properties of these compounds. Nevertheless, understanding the ionization reactions of these compounds is crucial in evaluating the potential of radiosensitizers and in developing new and more effective drugs. The present study investigates the positive and negative electrospray ionization and subsequent low-energy collisioninduced dissociation reactions of ions derived from 1-methyl-5-nitroimidazole, metronidazole, ronidazole, ornidazole and nimorazole using a hybrid quadrupole time of flight mass spectrometer equipped with an electrospray ionization source (ESI-Q-TOF). Quantum chemical calculations are performed to obtain in addition the proton affinities, deprotonation energies, and electron affinities of the investigated compounds.
Introduction
Nowadays, cancer has become one of the leading causes of death worldwide and has been seriously endangering the health and life of humans for an extended period of time.
1 Treatment is oen based on a strategy which commonly combines surgery, chemotherapy and radiotherapy. Half of the patients are treated by radiation therapy, and show a wide variability in tumor response to the radiation from patient to patient. 2 In radiation therapy the absorption of a high energy particle can lead to serious biological consequences, for example, damage to DNA can take place either through the direct effect of ionization or indirectly through the formation of Hc, cOH and carbon radicals 3, 4 and secondary electrons. 5 The radicals can attack the nucleobases or the sugar backbone leading to DNA strand breaks. Moreover oxygen present can react with free radicals and modify the response of irradiated cells. If oxygen is not present, as in the case of hypoxic tumor cells, the same dose of radiation has been shown to be considerably less effective. 6 In addition solvated electrons can react via molecular electron attachment, either forming a stable negatively charged species or leading to fragmentation via electron attachment dissociation. For instance, it has been observed that the DNA single and double strand breakage can be induced by solvated electrons. 7 Radiosensitizers are a class of compounds that are capable if present to differentially sensitize hypoxic cells thereby enhancing the lethal effects of ionizing radiation. 8, 9 At present the potential of radiation used in radiotherapy is not fully exploited, due to the lack of understanding of the chemical and physical processes at the molecular level. Radiosensitizers used in the treatment of hypoxic cells are called 'electron-affinic' since studies in bacteria, bacterial spores, and cell cultures have shown a relationship between the efficiency of sensitization and the electron affinity of the compound. 10 However, the detailed mechanism by which the radiosensitization operates is still unknown, and thus, it is difficult to make a progress in the design of more efficient and less toxic substances for treatment.
Nitroimidazolic radiosensitizers accumulate in hypoxic cancer cells due to the radical induced chemistry taking place in the oxygen decient environment 11 and the formation of a radical anion is believed to be the rst key step in this process. However, as mentioned above, (i) secondary electrons created upon radiation impact also substantially contribute to the induction of radiation damage through formation of a variety of ions and (ii) their production and unimolecular decomposition paths are unknown for most of the radiosensitizers, that is also for nitroimidazolic radiosensitizers considered in the present study.
Thus, the present paper aims to provide new information in this matter by focusing on (i) the formation of positive and negative ions of 1-methyl-5-nitroimidazole (1Me5NI), metronidazole (METRO), ronidazole (RONI), ornidazole (ORNI) and nimorazole (NIMO) (Fig. 1) produced by electrospray ionization (ESI), and (ii) their fragmentation in low-energy collisioninduced dissociation (CID), i.e., in multiple collisions with an Ar gas. Our selection of the 5-nitroimidazolic compounds includes 1Me5NI as a model compound, NIMO that has a clinical use in radiotherapy (see below) and changes molecular structure from 1Me5NI only at N1 position (see Fig. 1 ), and METRO, ORNI and RONI that have already established medicinal use and modify molecular structure of 1Me5NI at N1 and C2 positions. Importantly, ESI in the negative mode has led to the formation of radical anions of many of the investigated radiosensitizers. It is well known that ESI transfers analyte ions from solution to the gas phase, and the types of ions that are commonly observed are pseudo molecular even-electron ions, such as protonated/deprotonated ( Only a few analytical and bioanalytical studies have been reported in the literature on the compounds shown in Fig. 1 . NIMO has been tested in the clinic and is in clinical use in radiotherapy in Denmark (following the DAHANCA 5 clinical trial) 23 to enhance tumor control of radioresistant hypoxic tumors in head and neck cancer. A recent review by Overgaard summarizes the clinical use of nitroimidazolic radiosensitizers for over 10 000 patients treated for head and neck carcinoma.
24
The detection of RONI in muscle tissue was investigated using liquid chromatography (LC) MS. 25 Characterization of ORNI metabolites in human bile by ultra performance LC/quadrupole time-of-ight mass spectrometry was reported and proposed ORNI biotransformation pathways were given. 26 Recently, Feketeová et al., explained the formation of radical anions of NIMO and related model compounds via electrospray ionization. 22 Obviously, there is a lack of knowledge on the basic properties and fragmentation reactions of nitroimidazolic radiosensitizers. 
Results and discussion
The studied compounds 1ME5NI, METRO, RONI, ORNI and NIMO are all 5-nitroimidazoles, that have a NO 2 group attached to the C5 position of the imidazole ring. They differ in their substitutions at the rst (N1) and second (C2) positions of the imidazole ring (see Fig. 1 ). 1ME5NI and NIMO only differ at the rst position to which is attached a methyl and ethyl morpholine moieties, respectively. The structural difference between METRO and ORNI is also at the rst position, to which is attached either ethanol or a 3-chloro-2-hydroxy propyl group, respectively. In the case of RONI, a methyl carbamate group is attached at the second position while a methyl group is attached at the rst position of the imidazole ring (Fig. 1) . The lowest energy structures optimized at the M062x/6-311+G(d,p) level of theory and basis set are summarized for all the compounds in the (ESI), Fig. S1 -S5. †
The high values of M062x/6-311+G(d,p) calculated dipole and quadrupole moments of all the compounds, m and Q (see Table 1 ), respectively, suggest that these compounds should all be able to form radical anions, such as, dipole bound anions, 27 or to initiate some specic dissociation processes, e.g., Vibrational Feshbach Resonances. 28 However, this would become especially relevant in gas-phase electron-attachment experiments. Fig. 2 . The highest PA for all investigated radiosensitizers is on the N3 of the imidazole ring (9.06 eV to 9.48 eV) as opposed to protonation on the oxygen of the -NO 2 group for which the calculated values are found to be about 1 eV lower in general (Fig. 2) . However, for NIMO, the highest value for the PA is found at the nitrogen site of the morpholine ring (9.54 eV), while the proton affinity of the nitroimidazole ring is nearly as low as for 1Me5NI. The calculated PAs are in the relative order of 1Me5NI < RONI < ORNI < METRO < NIMO. An examination of the positive ion ESI mass spectra of all ve radiosensitizers, 1Me5NI, METRO, RONI, ORNI and NIMO, Fig. 3a (3) and (5) protonated at N1 position converged to the protonation at N3, and at N of the morpholine ring, respectively. In addition, optimization of the protonation of the second oxygen in the side group in (3) resulted in the protonation at N3.
dimer ion [RONI 2 + Na] + can also be observed. The sodiated analytes are commonly observed in ESI due to the sodium originating from laboratory glassware or solvents. Due to the fact that same solvents and clean glassware were used for all the compounds here, we note an increased affinity of RONI towards sodium cation shown by relatively abundant monomer [RONI + Na] + and highly abundant dimer [RONI 2 + Na] + . This is likely due to the presence of a polar amide group in RONI, which is known to form strong bonds with metal ions, in comparison to other investigated radiosensitizers in this study (see Fig. 2 ). METRO and RONI have a relatively high PA of 9.48 and 9.33 eV, respectively. NIMO which has the highest PA of 9.54 eV of all studied compounds did not form a dimer (Fig. 3e ), which may suggest that the clustering takes place through the imidazole ring. However, the PA of ORNI (9.39 eV) is also comparable to that of METRO and RONI but again an ORNI dimer formation is not observed (Fig. 3d) , which shows that high PA is not prerequisite for the formation of a dimer. The spectra shown in Fig. 3 are obtained by summing up several hundred scans. All the compounds were sprayed with the same ESI source settings, thus, it is interesting to compare the intensity of [M + H] + in counts per scan for the different radiosensitizers in relation to the PA of M (see Fig. 3f ). In mass spectrometry, it is usually assumed that the measured ion intensity has a linear dependence on the amount of material in the sample, however, for an accurate quantitation a further analysis would be required, such as, the use of external or internal standard methods. 29 According to DFT calculations NIMO has the highest PA value and as can be seen in Fig. 3f Fig. 3f is as expected, the higher the PA, the higher the . Nevertheless, RONI and especially METRO diverge from this trend by rather low abundances observed. Accounting for the dimer formation in the case of RONI and METRO (Fig. 3f) , the intensity of the ion formation through protonation reactions does not change signicantly. One possible explanation for the observed discrepancy for METRO and RONI could be a preference for the protonation at another site than N3 in the solution. As can be seen from Fig. 3c , RONI shows also relatively high affinity towards sodium cation forming [RONI + Na] + and [RONI 2 + Na] + , which compete with the formation of protonated species. On the other hand, we note that RONI and METRO are two compounds that are required to be stored at low temperatures of À20 C and 2-8 C, respectively, thus, some thermal decomposition is also likely and could inuence the spraying outcome in the ESI source. In the Fig. 3b and c no decomposition products are observed below the mass of [M + H] + down to the m/z 80, which is the low mass cutoff of the mass spectrometer, however, we have no information on any possible decomposition products with lower m/z than 80.
Formation of the radical anion Mc
À versus the deprotonated
An examination of the negative ion ESI mass spectra of the radiosensitizers 1Me5NI, METRO, RONI and ORNI shown in Fig. 4a-d Fig. 5 . The gure also includes the calculated AEAs of the compounds studied.
For the 1Me5NI only one stable conformer is found with an AEA of 1.17 eV. In the case of METRO ve different conformers were found within 0.1 eV, and the highest AEA of 1.54 eV is not found for the lowest neutral conformer but for a conformer of $50 meV higher in energy (see Fig. S2 in ESI †). For RONI also ve conformers were found within 0.15 eV, with the AEA of 1.28 eV derived for the most stable neutral conformer (Fig. S3 in ESI †). For ORNI we have identied six conformers within 0.14 eV with an AEA of 1.78 eV. Notably, the possible interaction of the -OH group in the side chain on the N1 position with the -NO 2 group in METRO and ORNI leads apparently to a stabilization of the radical anion, as indicated also by the high AEA of 1.54 and 1.78 eV, respectively. The relative order of the AEAs of the compounds studied is 1Me5NI < RONI < NIMO < METRO < ORNI. Interestingly, we observe radical anion formation only for NIMO, METRO and ORNI only, see Fig. 4 . Fig. 5 also shows the SOMOs of the studied radiosensitizers, 1Me5N1, METRO, RONI, ORNI, and NIMO. As can be seen, the extra electron in the anionic system is delocalized over the whole nitroimidazole ring. It is obvious that this is not effected by adding a different side chain onto the N1 position of the nitroimidazole ring and neither the molecular change at position C2. Because the extra electron is delocalized over the whole nitroimidazole ring in all compounds studied and not localized on a specic part of the molecule as in dipole bound states, it is expected that the vertical detachment energy (VDE) will differ from the AEA. Indeed, the VDEs were calculated to be substantially higher than the respective AEA ( Table 2 ). The highest difference is in case of ORNI, where VDE is 2.50 eV, while the AEA is 1.78 eV. Additionally, the rather large positive values of all AEAs, VDEs, and VEAs calculated (see Table 2 ) is responsible that the 5-nitroimidazolic compounds under investigation here should be able to form very stable radical anions and indeed for NIMO, METRO and ORNI the radical anions are observed in the ESI-TOF mass spectra.
In the formation of deprotonated [M À H] À ions of the ve radiosensitizers, two processes were considered. In the rst, the loss of H + from a neutral molecule M (eqn (1)), and in the second, the loss of Hc from a radical anion Mc À (eqn (2)).
For the formation of the
must have a positive AEA, thus, we have also calculated the AEA Table 2 . From the Table 2 it can be seen that to form [M À H] À ion via both, eqn (1) and (2) Additionally, as already mentioned above, in another ESI-MS study 22 the deprotonated NIMO was observed. Thus, there are two discrepancies in comparison to this previous study, 22 here, we do not observe deprotonated NIMO nor the radical anion of 1Me5NI. From the technical point of view, we can only point out the difference in the ESI source design, where in the current study we utilize Z-spray ESI source built by Waters in comparison to ESI source from Finnigan in the previous study. (1) and (2), and thus likely favors the formation of deprotonated ion as opposed to radical anion formation (Fig. 4c) . shown in Fig. 6 . Potential structures of the fragment ions are depicted in Fig. 7 . The CID of 1Me5NI leads to the losses of NO 2 c and HONO to form fragment ions at m/z 82 and m/z 81 respectively. The CID spectrum of the protonated METRO in Fig. 6b exhibits as the most abundant fragment ion a signal at m/z 128, however, in this case the ion corresponds to a protonated nitroimidazole ring, i.e., the loss took place from N1 position (Fig. 7) . The losses of NO 2 c and CH 3 lead to fragment ions at m/z 82 and 111, respectively. The CID spectrum of the protonated RONI (Fig. 6c) shows the loss of the side chain from the nitroimidazole ring to form an ion with m/z 140. Further loss of NOc from the ion at m/z 140 resulted in the fragment ion at m/z 110 (Fig. 7) .
The CID spectrum of the protonated ORNI (Fig. 6d) gives rise to the same fragment ions as in the case of METRO, i.e., through the loss of NO 2 c forming a fragment ion at m/z 82, and via the loss of [CH 3 + NO 2 + CHCl] forming a fragment ion at m/z 111. Additionally, the fragment ion at m/z 98 in the CID spectrum likely corresponds to additional loss of the NOc from the m/z 128 (Fig. 7) .
The CID of protonated NIMO (Fig. 6e) gives rise to two most abundant fragment ions at m/z 114 and m/z 100 and both of these correspond to the loss of the side chain from the nitroimidazole ring, with charge retention by the side chain, which is consistent with the highest calculated PA of the side chain in NIMO (see Fig. 2 ). On the other hand, when the charge is retained by the nitroimidazole ring, a fragment ion at m/z 140 is formed (Fig. 7) . Our results are in agreement in terms of relative abundances of fragment ions formed with the previous study on fragmentation reactions of NIMO by a different activation methods, 22 where the fragment ion at m/z 114 is the most abundant, followed by a lower intensity of ions at m/z 100 and 140.
The losses of NOc and NO 2 c are due to the nitro functional group. These losses are characteristic for nitroimidazoles irrespective of the nature of the charge of the formed precursor ion.
28 From the Fig. 7 , one can see that 1Me5NI dissociates only by loss of NO 2 c and HONO, while for the other radiosensitizers, the side chain at the N1 cleaves rst, followed by the loss of NOc or NO 2 c radicals. Cleavage of the CH 3 from the C2 position is observed for both, METRO and ORNI, with the CH 3 group on C2. NIMO is the radiosensitizer with the most different behavior from all in which case the high PA of the side chain at N1 governs the fragmentation pathway. Thus, the formation of an ion at m/z 140 has not enough internal energy to further fragment (by loss of NOc, NO 2 c or other molecules). In summary, three of the studied compounds dissociate via NO 2 c loss, 1Me5NI, METRO, ORNI (Fig. 5a, b and d) , while NOc loss is shown only for RONI and ORNI (Fig. 5c, d, and 7) and neither of these losses were observed for NIMO (Fig. 5e) . Note, that the loss of NO 2 c requires simple C-N bond cleavage while the loss of NOc involves a transition state (TS) involving nitro-nitrite isomerization that leads then to an immediate loss of NOc.
30
The TS for the loss of NOc proves to be always below the bond dissociation energy to release NO 2 c for these simple nitroimidazoles. 30 The only compound that did not show a loss of NOc or NO 2 c in the presently measured low-energy CID is NIMO, nevertheless small abundance for these loss channels were noted previously. 22 Our results suggest that investigated nitroimidazolic compounds are rst prone to dissociation at the N1 position unless the group is CH 3 , followed by typical losses of NOc or NO 2 c radicals. The loss of HONO in 1Me5NI has been observed also for simple nitroimidazoles but only in electroninduced dissociation, 30 however, here it is a minor channel.
Conclusions
The present study have investigated positive and negative ion formation of radiosensitizers 1Me5NI, METRO, RONI, ORNI and NIMO using ESI mass spectrometry and quantum chemical calculations.
In the positive ion mode of the ESI, the most abundant ion in the spectra was the protonated radiosensitizer [M + H] + ion. The highest PA for all radiosensitizers is on the N3 of the imidazole ring (9.06 eV to 9.48 eV), but for NIMO, the highest PA is found at the nitrogen site of the morpholine ring (9.54 eV). The calculated PAs of the radiosensitizers are in relative order 1Me5NI < RONI < ORNI < METRO < NIMO. here are rst prone to dissociation at N1 position, unless the group at N1 is -CH 3 , followed by typical losses of NOc or NO 2 c radicals.
Experimental
Materials 1Me5NI (1), METRO (2), RONI (3) and ORNI (4) (see Fig. 1 ) were purchased from Sigma Aldrich (98%) and NIMO (5) was a gi of Prof. Michael Horsman of Aarhus University Hospital. All compounds were used as received.
Mass spectrometry
All experiments were carried out using a commercially available instrument (Ultima, Waters-Micromass, UK), where a Z-spray electrospray ionization (ESI) source is combined with a timeof-ight mass spectrometer (ESI-TOF MS). 5 mM solution of each radiosensitizer (1Me5NI, METRO, RONI, ORNI and NIMO) was dissolved in methanol/water/acetic acid (50/50/1) and continuously sprayed at 4.5 bar of the nitrogen drying gas into a differentially pumped region at a working pressure of 1.6 mbar. The constant injection rate of 15 (mL min À1 ) was controlled by means of a syringe pump (NewEra Syringe pump Systems Inc.). In the positive mode the ESI needle was biased at +2.98 kV and a voltage of +34 V was applied to the cone. In the negative mode the samples were dissolved in methanol/water (50/50), the ESI needle was biased at À3.41 kV and a voltage of À54 V was applied to the cone. The source and desolvation temperatures were set to 363 K and 423 K, respectively. For further ESI source and MS settings details please see Table S1 in ESI. † For the tandem mass spectrometry experiments, the desired ions produced via ESI were mass selected and subjected to CID in the collision region reaching a pressure of 5 Â 10 À5 mbar. The collision voltage can be varied between 0 and 30 V and the CID spectra reported here were recorded at a collision voltage of 15 V.
Molecular modeling
Geometries of 1ME5NI, METRO, RONI and ORNI were found through conformational search using Avogadro. For NIMO we used the lowest structure reported in Feketeová et. al. 22 A selection of structures of very different conformations within 0.5 eV were chosen and subsequently optimized at the M062x/ 6-311+G(d,p) level of theory and basis set with the Gaussian-09B01 program package. 31 Frequencies were calculated to conrm that the structures are local minima on the potential energy surface and not the transition states. For the lowest structures of the ve radiosensitizers we have calculated the PAs for each possible protonation site, adiabatic electron affinities (AEAs), vertical electron affinities (VEAs), vertical detachment energies (VDEs), and deprotonation reactions. All energies were corrected for zero-point energies. All structures calculated including relative energies are given in the (ESI), Fig. S1 -S5. †
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